Apoptosis and necrosis need to be differentiated in order to distinguish drug-induced cell death from spontaneous cell death due to hypoxia. The ability to differentiate between these two modes of cell death, especially at an early stage in the process, could have a significant impact on accessing the outcome of anticancer drug therapy in the clinic. Nuclear magnetic resonance spectroscopy was used to distinguish apoptosis from necrosis in human cervical carcinoma (HeLa) cells. Apoptosis was induced by treatment with the topoisomerase II inhibitor etoposide, whereas necrosis was induced by the use of ethacrynic acid or cytochalasin B. We found that the intensity of the methylene resonance increases significantly as early as 6 h after the onset of apoptosis, but that no such changes occur during necrosis. The spectral intensity ratio of the methylene to methyl resonances also shows a high correlation with the percentage of apoptotic cells in the sample (r 2 =0.965, P50.003). Cell Death and Differentiation (2001) 8, 219 ± 224.
Introduction
When cells are exposed to cytotoxic agents, there are various patterns of cell death that they may undergo. 1 The two major types of cell death are apoptosis and necrosis. Apoptosis or programmed cell death is characterized by cell shrinkage, chromatin condensation and blebbing of the plasma membrane. 1 ± 4 Accompanying apoptosis is activation of cell death effector proteases (caspases) that attack cytoplasmic and nuclear substrates, 5 cleavage of DNA into nucleosomesized and larger fragments by caspase-activated endonucleases, 6 ± 9 and the alteration of plasma membrane phospholipid organization with phosphatidyl serine externalization. 10 These processes are considered as morphological markers for this type of cell death. The apoptotic cell is rapidly phagocytosed and digested by macrophages or adjacent cells. 2, 11 Apoptosis is activated within several hours of treatment by a wide variety of signals including DNA damage, growth factor deprivation, death receptor signaling, radiation and many cancer chemotherapeutic drugs. 12 Necrosis, on the other hand, results from an overwhelming physical cellular injury and is generally characterized by cellular and mitochondrial swelling, scattered chromatin condensation, and loss of plasma membrane integrity. 2, 13 Necrosis is usually followed by an inflammatory response to the released cellular contents, often resulting in further tissue damage.
Tumors with a high incidence of necrosis rather than apoptosis show aggressive behavior and generally have a poor prognosis. 14 Other studies have also shown a relationship between the suppression of apoptotic cell death and subsequent tumor progression in murine models. 15, 16 Thus, the ability to distinguish between these two modes of cell death, especially at very early time points post-treatment, may provide useful information on the success of treatment and the prediction of long-term outcomes in patients with various forms of cancer.
In this study, we have used etoposide (VP-16) to induce apoptosis in human cervical carcinoma (HeLa) cells. Etoposide, an epipodophyllotoxin derivative, induces apoptosis by inhibiting topoisomerase II and generating double strand breaks in DNA. 17 It is used clinically to treat small cell lung carcinoma with a great deal of success, and lymphoma and acute leukemias with a modest degree of success. 17 Necrosis was induced by the use of ethacrynic acid or cytochalasin B (Cyt B). Ethacrynic acid, a glutathione-conjugate-forming diuretic, causes necrotic cell death by inhibiting a number of distinct ion-transporting activities. 18 Early changes by ethacrynic acid include changes in volume regulation, mitochondrial structure and function, and decrease in ATP levels. Late changes include loss of membrane permeability and control of Ca 2+ ion levels. Cytochalasin B induces necrosis by inhibiting cytokinesis via the depolymerization of actin microfilaments. 19 In addition to forcing the cells to die through the necrotic pathway, it also inhibits the formation of apoptotic bodies. 20 We have carried out proton nuclear magnetic resonance (NMR) spectroscopic studies on control and drug treated human cervical carcinoma (HeLa) cells to monitor the action of the cytotoxic drugs. NMR spectroscopy is a useful technique for detecting compounds of low molecular weight and high molecular mobility. Thus, NMR analysis of cells undergoing apoptotic and necrotic cell death may reveal novel metabolic and biochemical changes specifically associated with these processes. Moreover, the changes in the fluidity of the plasma membrane, and thus the mobility of the protons therein, can be studied by monitoring the changes in the intensity of the lipid resonances in the spectrum. Both 31 P and 13 C NMR spectroscopy have been used to study apoptotic cell death. 21, 22 These studies have revealed changes in the phospholipid profile during apoptosis. However, it is 1 H NMR spectroscopy that has received more attention recently. Blankenberg et al. 23 have used this technique to detect apoptosis in cells exposed to chemotherapeutic drugs. However, a quantitative correlation between apoptosis and spectral features was only performed for doxorubicin-treated Jurkat T-cells. 24 Doxorubicin is an anthracycline antibiotic that inhibits DNA function by intercalation. In this study, we have used a different cell line (HeLa cells) and a different drug, etoposide, which has a different mode of action from doxorubicin. This would help to establish the fact that the spectral changes that correlate with apoptotic cell death are true reflections of the actual process and independent of the cells employed, the drug used or the mechanism by which apoptosis is executed, making the technique more robust and widely applicable. The cells were harvested at 6, 12, and 24 h after treatment with the etoposide and the percentage of apoptotic cells was determined at each time point as shown in Figure 2 . As can be seen in this figure, about 15% of the cells became apoptotic as early as 6 h posttreatment and more than 65% of the cells became apoptotic at 24 h after treatment. The 1 H NMR spectra shown in Figure 3 demonstrate the effect of etoposide on HeLa cells during apoptotic cell death. An increase in the intensity of the resonance at 1.3 p.p.m. is seen as early as 6 h after treatment corresponding to approximately 15% of the cells being apoptotic. The increase in the methylene resonance becomes even more marked at later time points. The CH 3 protons of lactate, and the -CH 2 -protons of the mobile lipid both contribute to the resonance at 1.3 p.p.m. The change in the intensity of the choline [N(CH 3 ) 3 ] metabolites (3.2 p.p.m.), however, is more gradual and no appreciable decrease is observed until about 12 h after treatment. The overall intensity change for the 3.2 p.p.m. resonance, over the 24 h post-treatment period, is also not as marked as that for the 1.3 p.p.m.
Results
The intensity of the methyl (CH 3 ) resonance (0.9 p.p.m.) does not show any appreciable change with the increase in the apoptotic cell fraction. Thus, the intensity of the methyl resonance can serve as an internal concentration reference when using the 1.3/0.9 p.p.m. resonance intensity ratio to monitor and assess treatment responses. Figure 4 shows the change of this ratio as a function of time for both control and etoposide-treated cells. As can be clearly seen in the figure, whereas the ratio remains almost constant for the control cells (over a period of 24 h), that for the drugtreated cells has increased by a factor of three. This shows that the observed spectral changes are the result of the drug treatment and not reflections of some normal metabolic processes that may take place in the cells. Figure 5A vs B) . The change (decrease) in the choline intensity during necrotic cell death is also more marked than that seen during apoptosis (compare Figure 5B vs C) . Figure 5D shows the cumulative effect of both apoptosis and necrosis with a further decrease in the intensity of the choline metabolite.
In addition to the use of ethacrynic acid, we have also used Cyt B to induce necrosis. Although the mechanism by which it induces necrosis differs from that of ethacrynic acid, the spectral changes occurring were found to be similar (spectra not shown). Thus, the spectral changes that we see during the necrotic cell death are not drug-specific. lates the complex process of apoptotic cell death with a readily measurable spectral quantity. One can thus gain an estimate of the extent of apoptosis from such a spectral ratio.
Discussion
Although the major contributor to the 1.3 p.p.m. resonance in Figure 3 is the methylene group (-CH 2 -), contributions from the methyl group of lactate cannot be completely ruled out since we did not do any lactate editing. It is, however, unlikely that any substantial increases in the amounts of lactate could have taken place during the apoptotic process. In fact, Nunn et al. 25 have shown a significant decrease in lactate levels in human neutrophils undergoing apoptosis. This was attributed to a decrease in lactate output and/or an increase in lactate metabolism. Thus, the contribution of the lactate signal, if present, would be to attenuate the increase in the intensity of the 1.3 p.p.m. resonance.
The increase in the intensity of the methylene resonance has been suggested to be due to the decreases in the plasma membrane microviscosity associated with the apoptotic process. 23, 26 These changes may also reflect the collapse of the transmembrane lipid asymmetry which results in surface exposure of phosphatidylserine, an early event in apoptosis. 10 An increase in ceramide, a sphingolipid that is a major membrane component, has also been observed in a recent study during etoposideinduced apoptosis of Molt-4 human leukemia cells. 27 This study provided evidence that ceramide, generated de novo, functions as a regulatory molecule in mediating membrane related apoptotic events. The increase in ceramide, with its long -CH 2 -chain, could also explain the increase in the 1.3 p.p.m. signal intensity in our NMR spectra. The decrease in the signal intensity of the choline containing metabolites observed in our study is consistent with the possible induction of growth arrest that takes place during the onset of apoptosis.
These results have been found to be similar to those obtained with other cell lines including the Jurkat T-cell lymphoblasts when apoptosis was induced using doxorubicin treatment. 24 Although the lack of an increase in the intensity of the 0.9 r.p.m. resonance observed in our study is in agreement with that of Blankenberg et al., 23 it is at odds with that of Hakumaki et al., 28 where a significant increase of this resonance was observed 4 days after treatment during gene therapy of glioma. However, since the mechanisms of cell death by gene therapy and chemotherapy are somewhat different, this difference in response is not surprising.
In the study of Hakumaki et al., 28 BT4C gliomas transfected with the viral HSV-tk (herpes simplex thymidine kinase) gene were induced intracranially in female BDIX rats. The rats were then treated with intraperitoneal injections of ganciclovir (GCV) for 10 days. The killing resulted from the increased specificity of the HSV-tk for the drug GCV when compared to cellular thymidine kinases. The mechanism of action of the cytotoxic GCV is that it inhibits DNA polymerase causing termination of DNA synthesis, thus killing dividing cells. The study showed that the GCV-induced apoptosis of experimental gliomas is associated with a substantial accumulation of polyunsaturated fatty acids. Flow-cytometric studies have shown that GCV-induced apoptotic cell death is preceded by an irreversible arrest in the late S-or G2-phase and the amount of MRS-visible lipid has been shown to correlate with the proportion of cells in these stages. 29, 30 In contrast to this, etoposide kills cells predominantly by inhibiting topoisomerase II, whereas doxorubicin kills cells by DNA intercalation. Despite the differences in the drugs used and their mechanisms of action, and the different types of cells studied, the increase in the lipid signal, as evidenced by the increase in the 1.3 p.p.m. intensity, seems to hold in all situations. This provides credence and robustness to the use of this novel technique in the detection and quantification of apoptosis in drug-treated cancer cells. An extension of this work to other types of chemotherapeutic drugs that work through other mechanisms (e.g., alkylating agents, nitrosoureas, antimetabolites and mitotic inhibitors) should be undertaken in the future. This will help our understanding of the NMR spectral changes vis-a Á -vis factors such as cell-cycle dependence of the drugs, and resistance to treatment.
We did not perform any NMR relaxation measurements in this study. However, such experiments done in vivo 28 and in vitro 23 show no significant relaxation changes for the resonances of interest during apoptosis. Moreover, since the area under the resonances, and not just the peak heights were used to determine the signal intensities, changes in line width (as a result of T 2 changes) would be accounted for in the analysis.
The similarity of these results to those that were previously reported 24 suggests that such an approach is applicable to various tumor types and with different drug treatments. In contrast to the results obtained with the doxorubicin-treated Jurkat T-cells, however, we see an earlier significant response (at 6 h) in these etoposidetreated HeLa cells (see Figures 2 and 4 ). This could be related to the specific characteristics of the cells or the drug used. Although the emphasis of this study, and that of the previous work, has been on the changes in the lipid profiles in the spectra, there are also notable changes in other spectral regions (see Figure 5 ). To understand how these spectral changes are associated with the processes of apoptosis and necrosis requires further investigation.
Studies of this type should be performed with tumors in vivo in order to determine the utility of NMR spectroscopy to monitor treatment efficacy. Tumor heterogeneity and the short half-lives of apoptotic cells present challenges to overcome in this application. The ensuing macroscopic changes, however, can be detected by NMR at a reasonably early time after the induction of apoptosis. The recent in vivo results of Hakumaki et al. 28 are very encouraging in this regard. Another challenge for in vivo NMR spectroscopy relates to the voxel size from which the measurement is taken from. Since the size of these voxels is currently much larger than the microscopic changes occurring in the tumor, discriminating between drug-induced apoptosis and spontaneously occurring necrosis poses a serious challenge. However, with the advances being made in NMR microscopy, we may soon be able to study tumors with the resolution required for such a microscopic discrimination.
Conclusions
NMR spectroscopy allows the early detection (after 6 h) of apoptosis-induced cellular changes in human cervical carcinoma cells by observing signals from small and mobile molecular species, particularly the ratio of intensities of the CH 2 and CH 3 resonances. Because NMR spectroscopy is non-invasive and can be readily used in vivo, its application to anticancer drug testing should provide a tool for detecting the early onset of apoptosis and assessing the therapeutic response of in situ tumor cells subjected to chemotherapeutic cytotoxic drugs.
Materials and Methods
HeLa cells were grown at 378C in an incubator with 5% CO2 in a-MEM with L-glutamine (GIBCO, BRL Life Technologies Inc.), supplemented with 0.2% NaHCO 3 , penicillin (100 U/ml), streptomycin (100 mg/ml) and 10% fetal bovine serum. Apoptosis was induced by treatment with 10 mM etoposide in DMSO for 6, 12, and 24 h. The percentage of apoptotic cells was determined by nuclear morphology counting *400 cells/sample stained with Hoechst dye. Also, staining with acridine orange and ethidium bromide combined with¯uorescent microscopy was used to distinguish early apoptotic cells from necrotic cells. 31 Acridine orange intercalates into the DNA, giving it a green appearance and thus, viable cells appear with a green nucleus and early apoptotic cells with a condensed or fragmented nuclei. Ethidium bromide is taken up only by non-viable cells giving a bright orange nucleus of dead cells overwhelming the acridine orange stain. Necrosis was induced by treatment with ethacrynic acid (1.5 mg/ml) for 1.5 h. In addition, apoptotic cells (24 h) were also treated with ethacrynic acid for 1.5 h. Cytochalasin B was used at a concentration of 10 mM for 24 h.
Control cells and those harvested at 6, 12 and 24 h after treatment were washed with PBS twice, before being subjected to 1 H NMR spectroscopy.
1 H NMR spectra were recorded on cells (1610 8 ) suspended in 600 ml PBS/D 2 O in a 5-mm NMR tube. One-dimensional spectra were acquired on a Bruker AM-360 spectrometer at 258C with the sample spinning at 20 Hz. The residual H 2 O signal at *4.6 p.p.m. was suppressed by presaturation. The acquisition parameters included: 908 pulse, 256 scans, spectral width of 5 KHz, recycle delay of 2 s, and time domain of 4K data points. Signal intensities were calculated by performing appropriate baseline correction and then integrating the area under each of the resonances using standard Bruker integration software.
